Reheating treatments for as-cast Al-Nb-containing steel were examined at temperatures correlating to the predicted dissolution temperatures of the precipitates present in the interdendritic and dendritic regions. Bimodal grain growth was observed in this steel when reheated in the range 1160 -1200 ºC as Nb-rich particles remaining in the interdendritic region prevented further growth of grains originating from dendritic region when the pinning precipitates of AlN dissolved. The isolated abnormally large grain structure seen for the homogenised condition from previous work was not observed in the as-cast Al-Nb steel under any conditions. It is suggested that elemental segregation (particularly for Nb) plays a role in providing a spatially distributed (banded) pinning effect on the large grains growing from the dendritic regions.
Introduction
Grain size plays a key role in controlling the strength and toughness in steel and a uniform size distribution after reheating is desired to ensure even refinement, and hence generation of a uniform fine size in the final product, during hot deformation.
Grain size control is achieved in high strength low alloy steel (HSLA) steels (which are low carbon steels with minor additions of microalloying elements, such as Nb, Ti and V) because the microalloying precipitates provide a pinning force resisting the movement of grain boundaries and so restricting grain growth during casting, reheating treatment and thermo-mechanically controlled rolling (TMCR) [1] [2] [3] [4] [5] .
However, undesired non-uniform grain structures, such as from abnormal grain growth (AGG) and bimodal grain growth (BGG) can occur during reheating, which can then result in a non-uniform final recrystallised grain size and increased scatter in mechanical properties [6] [7] [8] [9] [10] [11] .
Bimodal grain size development is identified as non-uniform distributed structures consisting of alternate large-grained and small-grained regions, which has been linked to the inhomogeneous precipitate distribution in segregated steel [12] [13] [14] [15] [16] . Microsegregation occurs during solidification, where the local compositions vary between the solid and liquid regions over a distance corresponding to the secondary dendrite arm spacing (SDAS), resulting in interdendritic solute-enriched regions and dendritic solute-depleted regions. Most alloying elements, such as Nb, Ti, V, and Mn prefer to partition into the interdendritic liquid, while Al has been reported to slightly partition to the dendritic solid regions during solidification [17] . Due to the slow diffusion of elements (especially for substitutional elements) the interdendritic regions, with higher Nb, can be precipitate-rich regions in the solidified state compared with dendritic regions [18] . An inhomogenous pinning force is therefore expected during reheating especially when precipitates dissolve in the solute-depleted dendritic regions but are still present in the solute-enriched interdendritic regions, and this can result in non-uniform grain growth such that bands of coarse and fine grains are observed.
Abnormal grain growth, resulting in isolated large grains surrounded by small grains, has been reported by many researchers [10, [19] [20] [21] [22] [23] [24] [25] [26] [27] as being due to the local unpinning of grain boundaries associated with dissolution of microalloying precipitates. Abnormally large grains have been reported to be defined by the relative difference (RD) between the large grain(s) size and the mean size of the normal grains, where abnormal grain growth is when RD exceeds 0.9 [28] ; or when the abnormally large grains are approximately 2 times compared to the normal grain size [29, 30] .
The reports of AGG have been for studies on homogenised or rolled plate material (where any inhomogeneity in composition due to segregation will be over distances similar to or less than the initial grain size on reheating due to the reduction in thickness during rolling). Reports on BGG have been for steels in an as-cast condition.
No reports have considered homogenised and as-cast material of the same composition to examine the role of segregation on conditions under which AGG or BGG can occur.
Previous work [31] has investigated grain growth in a homogenised Al-Nbcontaining steel where abnormally large grains were observed on reheating to 1170 ºC, corresponding to the calculated dissolution temperature of AlN, which was the most stable precipitate present (note that Nb(C,N) precipitates were also present but with a lower dissolution temperature (1090 ºC) than the AlN in this steel). In this paper austenite grain growth behaviour during reheating treatment of the corresponding ascast Al-Nb-containing HSLA steel has been examined to determine if abnormal or bimodal grain size distributions can be generated. In particular the effect of a segregated composition on grain size development in steel that has been shown to display AGG in the homogenised condition is reported.
Experimental
A sample from a 60 kg laboratory as-cast ingot of Al-Nb containing HSLA steel (chemical composition shown in Table 1 ) measuring 340 mm long with a 130 × 130 mm cross-section was supplied by Tata Steel, UK. The precise cooling history was not available, but was inferred from the dendritic structure. Samples measuring 10 × 15 × 20 mm were machined from the quarter position (quarter width and depth) of the as-cast Al-Nb ingot well away from the top and base.
Reheating trials with a heating rate of 3.8 ºC/s (measured by a K-type thermocouple attached to the sample) were carried out for one hour at temperatures in the range from 925 ºC to 1300 ºC, Figure 1 , covering the precipitate dissolution temperatures for the segregated compositions predicted by Thermo-Calc (as will be discussed in next section). All reheated samples were quenched to give martensite then tempered at 550 ºC for 6 hours as this was found to reveal the prior austenite grain boundaries clearly on etching in hot (60 ºC) saturated picric acid (20g picric acid, 1000 ml H2O, 14 drops HCl and 5 ml TEEPOL). Metallographic samples were sectioned along the primary dendrite growth direction (from the known solidification directions in the original ingot) then mounted in Bakelite. All the samples were ground and polished to a 1µm MD-Nap diamond finish and etched in 2%-nital (2 ml HNO3 in 98 ml ethanol)
to reveal the initial microstructure or in hot saturated aqueous picric acid with magnetic stirring, to reveal the prior austenite grain structure. The grain size distributions were established to characterise the different grain growth behaviour as a function of reheating temperature.
Microalloying precipitates in the as-cast samples were characterised by using a JEOL 7000 scanning electron microscope (SEM) operating at 20 kV with field emission gun (FEG), and the particle compositions were analysed using an Oxford INCA energy dispersive X-ray spectroscopy (EDS) system, conducted at 10 mm working distance. Moreover, secondary-electron (SE) imaging for morphology analysis and back-scattered electron (BSE) imaging for compositional contrast (due to different atomic numbers) were used to distinguish Al-rich (generally dark) and Nbrich (normally bright) particles in the as-cast and reheated samples.
As noted above, segregation of microalloying elements has been associated with inhomogeneous grain distributions, but reliable measurement of segregation profiles for these elements (Nb and Al in this steel) at such low contents are difficult to obtain from 2D sections. This is still the case if techniques, such as cumulative profile based on ranking data from EDS grid-mapping are used. Hence, the general segregation behaviour was determined using profile ranking for [Mn] , the concentration of which is sufficiently large to measure using SEM-EDS, as Mn is known to segregate to the interdendritic regions [32] . A grid of around 300 SEM-EDS point spectra arranged in a square pattern with a spacing greater than half the SDAS value (75 µm) was taken and ranked from lowest (dendrite centre) to highest (centre of interdendritic region) Mn concentrations. The resulting profile for [Mn] was then compared with DICTRApredicted profiles (using TC-Fe7 and MobFe2 database) for the Fe-C-Mn-Nb-Al system to estimate the segregation profiles for Nb and Al.
Results and discussions

Initial microstructure characterisation for as-cast Al-Nb containing steel
In order to investigate the role of segregation during solidification on the grain size development after reheating, the spatial separation of the segregated regions needs to be determined. The initial microstructure of as-cast steel is shown in Figure 2 DICTRA was used, as verified in previous studies [34, 35] although the DICTRA prediction is generally flatter than the experimental one except at the dendrite centre, which may indicate that the cooling rate used in the simulation is too low and more back diffusion occurs from the enriched interdendritic region in the prediction than actually occurs in practice. However, the generally good agreement between composition profiles means that DICTRA can be used to describe the microsegregation behaviour of Mn, and therefore, it is also expected to be applicable to other elements in the Al-Nb steel. Unlike Mn, however, Al and Nb would be expected to precipitate (as nitrides and carbo-nitrides respectively) during cooling, especially in segregated regions (as will be discussed in the next section)
where any effective solubility limit will be more readily exceeded. Characterisation of precipitates for Al-rich particle: (a) SE image; (b) BSE image where the AlN particle appears dark due to its lower atomic weight than iron; and (c) EDS trace indicating the Al peak; and for Nb-rich particle: (d) SE image; (e) BSE image where the Nb-rich particle appears light due to its higher atomic weight than iron; and (f) EDS trace showing the Nb peak.
The majority of the ferrite present in the as-cast steel represents prior dendritic regions and the precipitate distributions for solute-depleted material were characterised from these. The solute-enriched, interdendritic regions largely transformed to pearlite on cooling so that the corresponding precipitate distributions were characterised from these. However, the carbide plate structure of pearlite hampered identification and measurement of the finer alloy carbo-nitrides so that some idiomorphic ferrite islands (surrounded by pearlite microstructure) in the pearlitic region, as shown in Figure 6 (a), were also investigated to characterise the particle distributions in the solute-enriched region, as was reported by Zheng [17] for a similar steel. For example, a cluster of Nb-rich particles from an idiomorphic ferrite island is shown in Figure 6 (b), with a confirmatory EDS spectrum in Figure 6 (c).
The distribution of Al-rich and Nb-rich precipitates in the dendritic and interdendritic regions was analysed by Kundu in same material [36] , Figure 7,  indicating that there is a much higher number density of Nb-rich particles in the interdendritic region than in the dendritic region, which is due to the strong segregation of Nb into the interdendritic area. The number density of Al-rich particles, however, does not show a large difference between the two regions with slightly more precipitates appearing in the dendritic solute-depleted region. The precipitation behaviour of AlN and Nb(C,N) in the homogenised [31] and as-cast samples are compared in Thermo-Calc prediction of microalloying precipitates' thermal-stability
The stability of precipitates in the as-cast sample can be determined by Thermo-Calc using the simulated composition profile from DICTRA for the dendritic and Table 3 , although the volume fraction of AlN measured in the homogenised sample is lower than predicted [31] ; this may be due to some AlN particles being missed in the SEM characterization as the pearlite is uniformly distributed and makes full quantification more difficult, which is supported with evidence that the measured number density of AlN in the homogenised material (1.12 × 10 4 /mm 2 ) is lower than the number density of AlN in the as-cast samples (e.g.
1.89 × 10 4 /mm 2 in the dendritic region and 1.29 × 10 4 /mm 2 in the interdendritic region). The predicted results in the interdendritic solute-rich region are higher than measured for both AlN and Nb(C,N) in the as-cast steel, which may be due to the compositions from DICTRA being too high as these were taken from a temperature close to the solidus whereas some back diffusion is expected on cooling before precipitation occurs.
Previous work [31] has found that dissolution of the predominant grain boundary pinning precipitates (e.g. AlN, which dissolved at 1170 ºC) in the homogenised sample resulted in abnormally grain growth. This suggests that grain growth will occur in the dendritic area at temperatures above 1160 ºC in the as-cast sample, when the dissolution of the predominant pinning particles, dendritic AlN, takes place (at 1160 ºC). However, pinning particles (Nb(C,N)) are expected to remain in the interdendritic region until 1230 ºC. Reheating trials in the temperature region of 1160 -1230 ºC were conducted to determine whether the undissolved interdendritic Nb(C,N) provide an effective pinning force on the boundaries of growing grains originating from the dendritic region.
(a) (b) Figure 9 (a) Predicted dissolution temperature of precipitates for the as-cast segregated sample; (b) schematic diagrams to illustrate the precipitates' dissolution behaviours in the dendritic and interdendritic regions of a half SDAS space with different holding temperatures covering the predicted dissolution temperature from Thermo-Calc. 
Grain growth in as-cast Al-Nb containing steel with microsegregation
As-cast samples were reheated in the temperature range from 925 ºC to 1300 ºC, and the prior austenite grain sizes were examined and plotted using mode grain size and 95% grain size (the extreme of grain size in the accumulated area fraction with size distribution), as shown in Figure 10 fraction of AlN at 1150 ºC (0.01%) was still effective at pinning grain boundaries and preventing grain growth in the homogenised sample [31] . The fine and uniform grain structure at 1130 ºC is shown in Figure 11 (a-b) .
Due to the dissolution of the pinning dendritic AlN precipitates at 1160 ºC (as shown in Figure 10 an abnormally large grain structure (markedly large isolated grains surrounded by small grains, as found in the previous study [31] , where isolated grains as large as 290 µm were observed) does not occur at these temperatures. It is interesting to note that, the size ratio of the largest grains to the small grain mode size for the bimodal distribution is around 2.6 which is greater than the published criteria of "2" for the determination of abnormal grain growth, but less than observed for the homogenised samples where a ratio of 6-7 was seen [31] . However, as these are not isolated abnormally large grains but bands of coarse grains it is not a typical abnormal grainstructure and is therefore termed a bimodal distribution.
Reheating in the temperature range of 1230 ºC -1300 ºC resulted in significant growth as shown in Figure 10 (a), which indicates that the interdendritic pinning force was ineffective (presumably due to the dissolution of interdendritic Nb(C,N) starting at around 1230 ºC, as predicted in Figure 10 (b) at these high temperatures, Figure 11 (g, h)). On reheating at 1230 ºC the mode grain size (90 µm) and largest grain size (250 µm, which is > SDAS) are markedly larger than those at the lower temperature of 1200 ºC (mode grain size of 75 µm and largest grain size of 205 µm, as seen in Figure 11 (f)); the increased proportion of large grains is consistent with the reduced pinning from dissolving Nb-rich precipitates in the interdendritic region, resulting in a weak bimodal grain size distribution that is skewed to a larger size, as seen in Figure   11 (h). Abnormal grain growth is still not observed when the interdendritic Nb(C,N) (the most stable particle for the as-cast sample during reheating) starts to dissolve as there is a relatively uniform large grain structure in the dendritic region that can grow into the interdendritic region but then will impinge on large grains from nearby dendritic regions (as the interdendritic regions are relatively narrow). Reheating at 1280 ºC resulted in a uniform coarse grain structure, Figure 11 (i, j). No abnormally large isolated grains were observed in this as-cast steel during all the reheating treatments. 
Conclusions
The grain growth behaviour during reheating in an as-cast low carbon Al-Nb steel 2. No abnormal grain growth resulting in isolated large grains was observed in the as-cast Al-Nb containing steel, whereas abnormal grain growth was observed for the same steel in the homogenised condition. This is because when grain growth occurs by localized dissolution in the dendritic areas of the as-cast steel the large grains are pinned in the interdendritic area limiting the size of these potential abnormally large grains to the segregation distance, i.e. the SDAS.
3. The grain growth behaviour correlated to the pinning effect of microalloying particles and the critical temperatures agree well to the predicted dissolution temperatures for AlN and Nb(C,N) using Thermo-Calc combined with DICTRA simulation for the segregated elemental compositions.
Therefore it is suggested that abnormal grain growth can be avoided in as-cast microalloyed steels if sufficient pinning is provided in the interdendritic regions when grains start to grow in the dendritic regions due to local dissolution of precipitates.
The size of the large grains in the bimodal distribution is controlled by the segregation distance (SDAS), which is controlled by the cooling rate through solidification.
Thermo-Calc and DICTRA can be used to determine the segregated compositions, microalloy precipitate dissolution temperatures and hence grain structure on reheating if the SDAS is known.
